Evaluation of alow-cost receiver for ionospheric monitoring (ELRIOM)

1. Abstract:

High-grade GNSS receivers are the basis for ior&spimonitoring for more than two
decades. Researchers at Frederick University atheimprocess of installing a network of
GNSS receivers for ionospheric monitoring and wdikid to explore a low-cost solution that
would facilitate a dense network for such a purpd$e housing and operation firmware of
the low-cost receiver were developed by Cloudwhtdr(a start-up established in Cyprus in
2019) with Ublox chip Zed F9-P.

In this TNA project, we tested the low-cost GNSSeieer UBXZ by comparing its
ionospheric outputs with geodetic receiver resits. that we installed UBXZ close to the
reference station BRUX (Brussels, Belgium) for 78ysl (February to April 2025) and
compared the vertical Total Electron Content (vTBQ)puts of the two receivers for GPS,
GLONASS and Galileo constellations.

Results show infinitesimal differences between the receivers, for the three
constellations (0.08+0.58 TECu for Galileo, 0.0220TECu for GPS and 0.02+0.73 TECu
for GLONASS). Consequently, the low-cost receivegvaloped by Cloudwater Ltd
constitutes a relevant option for dense networkiod¢ed to Space Weather applications.

2. Objective:

The three main final objectives of the ELRIOM Trawational Access activity
(TNA) are stated below:

a. Evaluate the performance of the ionospheric TE@masion with a low-cost
GNSS receiver. This is a multi-frequency, multi-GN&-ceiver that can output
Rinex files.

b. Test a low-cost receiver by plugging the low-casteiver to an antenna already
installed and equipped with a geodetic receivdR@B. Since we also plan to use
a low-cost antenna in our future network in Cypneswill test the full low-cost
receiver-antenna nearby the geodetic receiveredls w

c. After evaluating the TEC differences and to betppreciate its potential for
ionospheric monitoring, we will further extend anvestigation by evaluating the
stability of the estimated receiver hardware del&msce the receiver can output
C/NO observations, we will also exploit C/NO measoents from the two
receivers to evaluate the reliability of the obs¢inns used for TEC estimation.

3. Implementation steps:

The UBLOX receiver was installed in Brussels on 202-07 close to the BRUX
reference station. The receiver acquires data fBRS, Galileo and GLONASS at 1s
sampling rate. The data from the reference staB®RUX (equipped with a Septentrio
POLARX5TR) and UBXZ are processed using the ROB-BDbbftware (Bergeot et al.,
2014) to estimate ionospheric values and the [ffeal Code Biases (DCBs) of the
receivers. The outputs consist in VTEC at the pigrpoint (IPP, 450km altitude) every 30s
with a cut-off angle of 10° for the entire perioadathe three constellations (> 4 000 000 of
output). The results are then compared to the ¢sitiputerms of VTEC values expressed in
TEC units (1TECu = 1§ e.m™).



4. Data and Analysis

4.1vTEC values

Figure 1 shows the VTEC outputs for three differsatellites from the three
constellations. For that we superpose all the ftata all the period with respect to the UTC
time.
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Figure 1: vTEC values from UBXZ and BRUX for the 73 days of common data (2025-02-07 to 2025-
04-23) for three satellites from different constellations. Bottom: the VTEC values at |PPs for the entire
period with respect to the hour (UTC). Red: UBXZ, blue: BRUX. Top: Differences between BRUX
and UBXZ vTEC.

At first order, the results show identical valuesvieen the two receivers, with few
high differences up to 9 TECu for GPS, 18 TECuGatileo and 8 TECu for GLONASS. To
have a better overview of the robustness of thedost receiver, Table 1 shows the statistics
of the difference between BRUX and UBXZ for theetiiconstellations separately.

GPS Galileo Gonass
Nor # 1283460 1562934 1031159
Mean Diff 0.02 0.08 0.02
RVIS 0.42 0.58 0.73
Min. TECU 874 17,72 6.55
Max. 7.51 12.05 7.72
Diff<0.5 TECu 82.58 6622 |
Diff <1 TECu % 96.86 91.71 84.58
Diff<3TECu 99.97 99.97 99.88

Table 1. Statigtics of the VTEC differences between BRUX and UBXZ stations with respect to the

constellations.



Regarding the statistics, results from GPS and &aldre more correlated than the
GLONASS system. 97% and 92% of the differences beatv@RUX and UBXZ are lower
than 1 TECu for GPS and Galileo respectively. FRlrOBASS, the statics fall to 85%.
However, 1 TECu is at the level of GNSS-based vEECuracy. For all the constellations,
99% of the differences are lower than 3 TECu whiohfirm the robustness of the low-cost
receiver, compared to a more expansive geodetic@mecerning the maximum in the vTEC
differences, Figure 2 shows some examples of typiatilers.
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Figure 2: VTEC values from UBXZ and BRUX for 3 typical tracks showing high differences from the
three satellites from different constellations. Bottom: the VTEC values at |PPs for one day and one
satellite with respect to the hour (UTC). Red: UBXZ, blue: BRUX. Top: Differences between BRUX

and UBXZ vTEC.

As we can see, the maximum differences can be dtradking problems from BRUX
or UBXZ. It is consequently difficult to concludéat one receiver is more robust than
another in that case.

4.2. DCBsvaluesfor UBXZ
During the VTEC estimation process we also estim#tedDifferential Code Biases

(DCBs) for of the stations. In this section we n¢mmly the results from UBXZ as there is no
sense in comparing the results with BRUX due to difeerences in the receivers and
installation. Figure 3 and Table 2 report the nssidr GPS, Galileo and GLONASS.
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Figure 3: DCBs values estimated for UBXZ for each satdlite in view during the entire period. Each
dot correspondsto a satellite with itserror bar. Black: Galileo; Red: GLONASS, Blue: GPS.

The Galileo DCBs are concordant for all the saesliwith values around 0.3 ns. The GPS
DCBs are more sensitive to the satellite type withean value of 12ns. Due to the changes
in frequencies tracking from each GLONASS sateltitejr DCBs vary a lot between 4 and
14 ns.



Galileo

Satelite Combination DCB  Eror bar

(ns) (ns)
E02 C1IXC7X -0.16 0.49
E03 CLXC7X -0.61 0.41
BE04 C1IXC7X -0.44 0.47
E05 CLXC7X -0.52 0.63
E06 C1IXC7X -0.42 0.45
B07 C1IXC7X -0.54 0.42
E08 CLXC7X -0.44 0.38
E09 C1IXC7X -0.5 0.44
E10 C1IXC7X -0.23 0.48
El1l CLXC7X -0.08 0.52
El12 C1IXC7X -0.22 0.52
E13 CIXC7X -0.01 0.55
El4 CLXC7X -0.08 0.76
E15 C1IXC7X -0.27 0.47
E16 C1IXC7X 0.02 0.7
E18 CLXC7X -0.19 0.55
E19 CIXC7X -0.48 0.51
E21 CLXC7X -0.37 0.52
E23 CLXC7X -0.18 0.53
B24 C1IXC7X -0.4 0.69
E25 CLXC7X -0.42 0.72
E26 C1IXC7X -0.34 0.49
B27 CLXC7X -0.27 0.44
E29 C1IXC7X -0.39 0.41
E30 CLXC7X -0.18 0.55
E31 CIXC7X -0.12 0.49
E33 CLXC7X -0.37 0.61
B34 CIXC7X -0.22 0.65
E36 CLXC7X -0.35 0.53

GPS
Satelite Combination DCB  Ertor bar

(ns) (ns)
G01 Cic-Cc2w  12.06 0.36
G03 ciccaw 12.89 0.35
Go4 ciccaw 1145 0.25
@05 cic-caw 11 0.31
G06 ciccaw 13.6 0.53
G0o7 Cic-c2w  11.06 0.35
08 ciccaw 12,79 0.39
G09 ciccaw 1231 0.32
G10 ciccaw 1184 0.37
Gl1 ciccaw 1216 0.5
G12 ciccaw 1157 0.32
Gl4 ciccaw 1149 0.24
G15 Cic-C2w  10.58 0.52
G17 ciccaw 1244 0.4
G18 ciccaw 1125 0.41
G23 cCicc2w  11.68 0.42
G24 Cciccaw 1247 0.45
G25 ciccaw 1304 0.39
G26 ciccaw 1224 0.36
G27 ciccaw 1231 0.41
G28 ciccaw 1235 0.35
G29 CicCc2w  10.95 0.43
G30 ciccaw 12.08 0.27
G31 ciccaw 1273 0.33
G32 ciccaw 12,39 0.34

GLONASS
Satelite  Combination DCB  Etror bar

(ns) (ns)
RO1 cic-czc 6.87 0.36
RO2 cic-czc 5.38 0.35
RO3 cic-czc 12.9 0.53
RO4 cic-czc 13.19 0.45
RO5 cic-czc 8.3 0.34
RO7 cic-czc 12.69 0.45
R08 cic-czc 13.75 0.35
R09 cic-czc 6.92 0.38
R11 cic-czc 8.41 0.32
R12 cic-czc 7.8 0.31
R14 cic-czc 4.35 0.37
R15 cic-czc 7.94 0.32
R16 cic-czc 7.5 0.29
R17 cic-czc 12.16 0.44
R18 cic-czc 5.22 0.41
R19 cic-czc 10.18 0.46
R20 cic-czc 9.75 0.47
R21 cic-czc 12.43 0.36
R22 cic-czc 5.45 0.42
R24 cic-czc 10 0.41

Table 2: DCBsvalues for UBXZ station for all the satellitesin view during the period of observation.




5. Conclusion and added value from the TNA

ELRIOM succeeded in achieving the objectives defime the proposal. A low-cost
receiver from Cloudwater Ltd (a start-up establésire Cyprus in 2019) was installed at the
Royal Observatory of Belgium close to the high-men BRUX reference station. In this
study we compared the VTEC outputs of the receit@rshe three constellations (GPS,
GLONASS, Galileo). The two receivers show similesults, with differences lower than 1
TECu 97% of the time for GPS, 92% for Galileo. Hoer this statistic falls to 85% for
GLONASS. However, 99% of the time the differenceslawer than 3TECu. Consequently,
a low-cost solution to facilitate a dense netwark $pace Weather purpose is more than
recommended in the future. Therefore there is anddiate added value of this TNA which
will be translated in a low cost GNSS network inp@s for ionospheric monitoring through
TEC maps but will also encourage the adoption efltw cost ionospheric monitoring for
TEC mapping in other parts of the globe as anratére to high-grade receiver networks.
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